components, such as fibronectin (FN), type I collagen, type IV collagen, and proteoglycans [6] [7] [8] [9] [10] . Several profibrotic factors, including transforming growth factor β1, platelet-derived growth factor, and connective tissue growth factor, are able to promote fibroblast activation and proliferation [11] [12] [13] [14] . However, the role and mechanisms of the other growth factors, such as fibroblast growth factors (FGFs), in regulating fibroblast activation and kidney fibrosis need more investigation.
FGFs are a group of heparin-binding proteins involved in many biological processes, such as embryonic development, tumorigenesis, cell proliferation, differentiation, as well as cell survival [15, 16] . Phylogenetic analysis of the Fgf gene family identifies seven subfamilies, which may be divided into intracrine, paracrine, and endocrine FGFs. Except for intracrine FGFs, which are not secreted, most FGFs mediate biological responses by binding to their cell surface receptors (FGFRs). In most cell types, binding of FGFs with FGFRs may activate intracellular signaling pathways, including JNK/STAT signal, MAP kinase, PI3K/AKT, and phospholipase Cγ [17] [18] [19] . In developing mammalian kidneys, all four types of FGFR and several FGFs, such as FGF2, FGF7, FGF8, and FGF10, can be detected [20] [21] [22] [23] . A series of studies using genetic animal models showed that FGF/FGFR signaling plays a key role for renal development. For example, mice null for FGF7 or FGF10 exhibit small kidneys and few branches of the ureteric bud [24] [25] [26] . Conditional deletion of FGF8 from the metanephric mesenchyme interrupts nephron formation in mice [27] . Specific deletion of both FGFR1 and FGFR2 in the metanephric mesenchyme results in small kidneys, fewer nephrons, as well as an unbranched ureteric bud. Deleting FGFR2 in renal and urinary tract mesenchyme leads to ureteric bud induction defection and displaced ureteric buds along the wolffian duct or duplex ureters as well as vesicoureteral reflux [28] . As previously reported, long-term (8-13 weeks) FGF2 treatment may result in focal segmental glomerulosclerosis in adult rats [29, 30] . In mice with unilateral ureteral obstruction, infusion of FGF7 resembles the urothelium on day 14 following obstruction by causing the formation of a bladder-like multistratified barrier with enhanced apical uroplakin plaques [31] . However, the role and mechanisms of FGF/FGFR2 signaling in fibroblast activation and kidney fibrosis are not fully known.
In this study, we found that mice with fibroblast-specific deletion of FGFR2 were resistant to kidney fibrosis at 1 month after ischemia/reperfusion injury (IRI). Interstitial cell proliferation as well as extracellular regulated protein kinase 1/2 (Erk1/2) phosphorylation in the kidneys from the knockouts were also diminished at 4 weeks after IRI. This study suggests that FGF/FGFR2 signaling may play an important role for fibroblast activation and kidney fibrosis.
Methods
Mice and Animal Model FGFR2 floxed mice and S100A4-Cre transgenic mice were purchased from Jackson Laboratory [32] . By mating the FGFR2 floxed mice with S100A4-Cre transgenic mice, mice heterozygous for the FGFR2 floxed alleles (genotype: FGFR2 fl/wt, Cre+/-) were generated. In order to inactivate both FGFR alleles, these mice were crossbred. We then obtained conditional knockout mice in which the FGFR2 gene was specifically disrupted in fibroblasts (genotype: FGFR2 fl/fl, Cre+/-). The breeding protocol also generated heterozygous littermates (genotype: FGFR2 fl/wt, Cre+/-) and wild-type and several groups with different genotypes (FGFR2 fl/fl, Cre-/-, or FGFR2 fl/wt, Cre-/-). Mice were identified using a PCR reaction with genomic DNA isolated from tail biopsy within 3 weeks after birth. The primers used for genotyping were as follows: Cre sense 5 ′ -GCA GAT CTG GCT CTC CAA AG-3 ′ , Cre antisense 5 ′ -AGG CAA ATT TTG GTG TAC GG-3 ′ ; FGFR2 sense 5 ′ -TTC CTG TTC GAC TAT AGG AGC AAC AGG CGG-3 ′ , FGFR2 antisense 5 ′ -GAG AGC AGG GTG CAA GAG GCG ACC AGT CAG-3 ′ . All mice with an age ranging from 6 to 8 weeks were used in the study. Littermates with genotype (FGFR2 fl/fl, Cre-/-) were used as controls.
For the unilateral kidney IRI model, S100A4-FGFR2-/-animals and their control littermates were anesthetized as mentioned above, then the kidneys were exposed through a midline incision, and the left renal pedicle was clamped for 40 min. Mice were kept in the incubator at 38 ° C, and the abdominal cavity was hydrated with saline-moistened gauze. Following clamp removal, the kidney was visually assessed for reperfusion within 1 min. Mice in the sham control group were prepared as above but without clamping of the left renal pedicle. After surgery, the animals were returned to their cages and allowed free access to food and water. Mice were sacrificed at 14 and 28 days after reperfusion. To determine the role of the deletion of FGFR2 in fibroblasts on tubular damage and acute kidney injury, in some experiments the right kidney was ablated immediately after the left kidney reperfusion, and blood was collected on days 1, 2, 4, and 7. Blood urea nitrogen (BUN) and serum creatinine were measured.
Kidney tissues were harvested and snap-frozen in liquid nitrogen, then stored at -80 ° C for extraction of RNA and protein. For histological evaluation, kidneys were fixed in 10% phosphate-buffered formalin followed by paraffin embedding.
Urinary Albumin, Creatinine, lysozyme, and N-Acetyl-β-DGlucosaminidase Assay Urinary albumin concentration was measured by using a mouse Albumin ELISA Quantification kit (Bethyl Laboratories, Montgomery, TX, USA). Urinary creatinine was determined by using a creatinine Assay kit (DICT-500; BioAssay System, Hayward, CA, USA). Urinary N-acetyl-β-D -glucosaminidase (NAG) was detected by using the NAG assay kit (Nanjing Jiancheng Bioengineering, Nanjing, China). Urinary lysozyme was detected by using Micro- 162 coccus luteus as its substrate. Briefly, 20 μL of urine or ddH 2 O were incubated at 37 ° C for 3 min with 200 μL of the substrate solution at a concentration of 100 μg/mL at pH 6.4, then the absorbance was read at 450 nm, and the lysozyme in urine (mg/dL) was calculated.
Detection of Serum BUN and Creatinine
Serum BUN and creatinine levels were measured by using a mouse BUN ELISA Quantification kit (Cat: DIUR-500; BioAssay System) and creatinine assay kit (mentioned above) respectively, according to the manufacturer's instruction.
Western Blot Analysis
Protein from kidney tissue was extracted with RIPA buffer composed of 1× PBS, 1% NP-40, 0.1% SDS, 0.1% sodium deoxycholate, 1 μ M sodium orthovanadate, 100 n M PMSF, 1% protease inhibitor cocktail (Cat: P8340; Sigma-Aldrich, St. Louis, MO, USA), and 1% phosphatase II and III inhibitor cocktail (Cat: P5726 and P0044, respectively; Sigma-Aldrich) on ice. The supernatants were collected after centrifugation at 16,000 g for 30 min at 4 ° C. Protein concentration was measured using the BCA assay (Pierce), and an equal amount of protein (25-50 μg) was separated on 8-12% tris-glycine polyacrylamide gels. After transfer onto nitrocellulose membranes, the target protein was detected by using a specific primary antibody. The primary antibodies used were as follows: anti-FN (Cat: F3648; Sigma-Aldrich), anti-α-SMA (Cat: A2547; Sigma-Aldrich), antip-Erk1/2 (Thr202/Tyr204) (Cat: 4370; Cell Signaling Technology, Beverly, MA, USA), anti-Erk1/2 (Cat: 4695; Cell Signaling Technology), and anti-GAPDH (cat: FL-335; Santa Cruz Biotechnology, Santa Cruz, CA, USA). Quantification was performed by measurement of the intensity of the signals with the Image J software.
Immunohistochemistry and Immunofluorescence Staining
Kidney tissues were fixed in 4% neutral formalin at room temperature, followed by embedment in paraffin. Then the tissue was cut into 2-μm-thick slices, deparaffinized in xylene, hydrated, and stained with H&E, PAS, and Sirius Red. In some experiments, tissue sections were immunostained with primary antibodies against anti-FGFR2 (Cat: sc-122; Santa Cruz Biotechnology). For immunofluorescence staining, kidney cryosections were fixed with 3.7% paraformaldehyde for 15 min at room temperature and immersed in 0.2% Triton X-100 for 10 min. After blocking with 10% donkey serum in PBS for 1 h, slides were immunostained with the following antibodies: anti-FN, anti-α-SMA (Cat: A2547; Sigma-Aldrich), and anti-p-Erk1/2 (Thr202/Tyr204). The slides were viewed with a Nikon Eclipse 80i Epi-fluorescence microscope equipped with a digital camera (DS-Ri1; Nikon).
Quantitative Determination of Total Collagen in Kidney Tissue
The kidney tissue collagen was quantitated as previously reported [14, 33] . Briefly, 4-μm-thick sections of paraffin-embedded tissue were deparaffinized in xylene, hydrated, and then covered with 200 μL dye solution (0.1% Sirius Red and 0.1% Fast Green dissolved in water-saturated picric acid) overnight at room temperature. After washing three times with ddH 2 O, the dye was eluted from tissue sections with a mixture of 0.1 N NaOH and methanol (1: 1). Absorbances at 540 and 605 nm were determined for Sirius Red-binding collagen and Fast Green-binding protein, respectively. This result was presented as microgram collagen per milligram of total protein.
TUNEL Staining
Apoptotic cell death was determined by using a TUNEL staining system (Promega, Madison, WI, USA), and the cells staining positive were counted.
Statistical Analysis
The experimental data are presented as mean ± SEM. Statistical analysis of the data was performed using the SPASS 13.0 software. Comparison among groups was made by one-way ANOVA, followed by post hoc Student-Newman-Keuls method or post hoc least significant difference. The Student t test was used for the comparison between the two groups. p < 0.05 was considered statistically significant.
Results

Mice with Fibroblast Ablation of FGFR2 Were Phenotypically Normal
To investigate the physiological role of FGFR2 in fibroblast activation and renal fibrosis, we generated a mouse model with FGFR2 gene-specific deletion in fibroblasts by using the Cre-LoxP system. As shown in Figure 1 a, mice with fibroblast-specific ablation of FGFR2 was designated as S100A4-FGFR2-/-(genotype: FGFR2 fl/fl, Cre +/-, lane 3), whereas the littermates with the same sex were used as control (genotype: FGFR2 fl/fl, Cre-/-, lane 1).
Immunohistochemical staining showed that the FGFR2 protein level was reduced in interstitial cells from S100A4-FGFR2-/-mice compared to those from control littermates on day 28 after IRI ( Fig. 1 b) . S100A4-FGFR2-/-mice are viable, fertile, and have a normal lifespan. There was no difference in the body weight of both sexes or the ratio of kidney/body weight 8 weeks after birth between the two groups ( Fig. 1 c, f) . Kidney function parameters, including serum creatinine, BUN, urinary NAG, urinary lysozyme, and urinary albumin level, were comparable between S100A4-FGFR2-/-mice and their control littermates at 8 weeks after birth ( Fig. 1 d, e , g-i). H&E and PAS staining showed no obvious kidney morphologic change between S100A4-FGFR2-/-mice and their control littermates ( Fig. 1 j) . These results demonstrate that specific deletion of FGFR2 in fibroblasts does not affect kidney function or histology under physiological condition within 2 months after birth.
Mice with Fibroblast Ablation of FGFR2 Were Resistant to Kidney Fibrosis after IRI
To investigate the role of FGF/FGFR2 signaling in renal fibrosis, we challenged the mice with IRI to induce kidney injury, and the kidneys were harvested on days 14 and 28 after surgery. Acute kidney injury was induced at 164 24 h after IRI, reflected as increased BUN and serum creatinine in both the knockouts and their control littermates, but no difference was found between the two groups (data not shown), suggesting that fibroblast-specific deletion of FGFR2 does not affect IRI-induced acute kidney injury. In control littermates, at 28 days after surgery, chronic kidney damage reflected as loss of brush border, tubular cell atrophy, thickening and shrinkage of tubular basement membrane, and development of interstitial fibrosis were less severe in the knockout kidneys ( Fig. 2 a) . The area staining positive for Sirius Red in the knockout kidneys was significantly decreased at 28 days after IRI compared to that in the control littermates ( Fig. 2 a, b) . Similarly, quantitative determination of total collagen in kidney tissues showed a significant reduction in S100A4-FGFR2-/-mice compared to control mice at 28 days after IRI ( Fig. 2 c) . Therefore, the above data suggest that renal fibrosis developing after IRI was markedly ameliorated in mice with fibroblast-specific FGFR2 gene deletion. termates, n = 6. c Graph showing the results for total collagen content in kidneys from S100A4-FGFR2-/-mice and control littermates. * p < 0.05 versus control littermates, n = 6. FGFR, fibroblast growth factor receptor; IRI, ischemia/reperfusion injury. 
FGFR2 in Kidney Fibrosis
Alpha-SMA and FN Expression Were Downregulated in the IRI Kidneys from S100A4-FGFR2-/-Mice
Alpha-SMA expression represents the activation of myofibroblasts in fibrotic tissue. As shown in Figure 3 a and b, both Western blot analysis and immunofluorescent staining results revealed that α-SMA protein expression was largely induced, which was remarkably downregulated in the knockout kidneys 28 days after IRI. In addition, deletion of FGFR2 in fibroblasts also reduced the abundance of FN, a major interstitial matrix protein, in the IRI kidneys. Quantitative analysis of the protein abundance for α-SMA and FN in the whole kidney lysate 28 days after IRI is presented in Figure 3 c and d. The data above suggest that the synthesis of ECM as well as the amount of myofibroblasts were reduced in the S100A4-FGFR2-/-kidneys 28 days after IRI.
Interstitial Cell Proliferation Was Diminished in the IRI Kidneys from S100A4-FGFR2-/-Mice
The accumulation of interstitial myofibroblasts is mainly determined by their proliferation as well as depletion through cell death. We first detected cell proliferation in the kidneys by immunostaining with anti-Ki-67, a well-used marker of cell proliferation. As shown in Figure 4 , Ki-67-positive cells were found in both tubular and interstitial cells of fibrotic kidneys at 28 days after IRI in both S100A4-FGFR2-/-mice and control littermates. The number of proliferative interstitial cells in knockouts was significantly reduced in both the cortical and medullary areas compared to those in the control littermates, while no difference was found as to the Ki-67-positive tubular cells between the two groups either at 14 or 28 days after IRI. These data suggest that loss of FGFR2 in 
Interstitial Cell Apoptosis Was Less in the IRI Kidneys from S100A4-FGFR2-/-Mice
To further investigate interstitial cell apoptosis in the kidneys after IRI, TUNEL staining was employed on the kidney tissue of both the knockouts and control littermates. As shown in Figure 5 , TUNEL staining revealed that both tubular and interstitial cell apoptosis were markedly induced in the fibrotic kidneys from control littermates at 28 days after IRI, which were mainly located in the cortical area. In S100A4-FGFR2-/-mice, tubular cell apoptosis was similar, but interstitial cell apoptosis was significantly diminished compared to control littermates. It is concluded that cell death may not account for the lower accumulation of interstitial myofibroblasts in the knockout kidneys after IRI.
Erk1/2 Phosphorylation Was Less in the Kidneys from S100A4-FGFR2-/-Kidneys after IRI
Erk1/2, one of the major downstream mediators for FGF/FGFR2 signaling, has been reported to be widely involved in renal fibrosis and chronic kidney injury. In this study, Erk1/2 phosphorylation was detected in the IRI kidneys. As shown in Figure 6 a and b, Western blot analysis showed that Erk1/2 phosphorylation was markedly decreased in the kidney lysate from the knockouts compared to control littermates at both 14 and 28 days after IRI. Immunofluorescent staining showed the obvious induction and colocalization for p-Erk1/2 and α-SMA in the kidneys from control littermates 28 days after IRI, suggesting the activation of Erk1/2 signaling in the myofibroblasts after IRI, while in the knockout kidneys, less Erk1/2 phosphorylation could be detected ( Fig. 6 c) . These results suggest that deletion of FGFR2 in fibroblast inhibits the activation of Erk1/2 signaling in myofibroblasts from the kidneys after IRI. 
Discussion
We report here that specific ablation of FGFR2 from fibroblasts ameliorated kidney fibrosis after IRI through inhibiting kidney fibroblast activation and proliferation.
The accumulation of myofibroblasts in kidney interstitium is a key factor for ECM deposition and fibrosis [5, 7, 8] . It has been reported that many cell types, such as resident fibroblasts, fibrocytes, tubular cells, and endothelial cells, may be stimulated and transformed to myofibroblasts under disease condition. Recently, LeBleu et al. [8] reported that about 50% of myofibroblasts come from local resident fibroblasts through proliferation and activation, part of them from nonproliferating myofibroblasts derived through differentiation from bone marrow (35%), while fewer are from the endothelial-to-mesenchymal transition program (10%) and the epithelial-tomesenchymal transition program (5%). So, proliferation and activation of resident fibroblasts should be the major source of myofibroblasts and play a major contribution for kidney fibrosis [6, 8, 9, 34, 35] .
In the kidney, FGFs may promote proliferation in various cell types. For example, in adult rats, FGF2 treatment caused focal segmental glomerulosclerosis partly via stimulating podocyte mitosis [7, 36, 37] . Combination of FGF2 with HIV-1 transactivator of transcription could induce the dedifferentiation and proliferation of cultured human podocyte [38] . In addition, administration of FGF7 promoted DNA synthesis in cultured renal proximal tubule epithelial cells [23] . While the role for FGFs in interstitial fibroblast activation and renal fibrosis is still debated, Strutz et al. [39, 40] reported that, in human kidneys, FGF2 protein and mRNA expression were robustly upregulated in interstitial and tubular cells in end-stage kidneys, and that FGF2 could promote fibroblasts growth. It could also promote kidney tubular epithelial cell epithelial-mesenchymal transition by stimulating the production of microenvironmental proteases. In adult kidneys, the accumulation of myofibroblasts may be determined by their proliferation, cell death, and cell transition from other cell types [13, 41] . In this study, we found that α-SMA abundance was largely increased in the fibrotic kidneys after IRI, suggesting the accumulation of myofibroblasts. In addition, the number of Ki-67-positive cells in kidney interstitium was also significantly elevated in the fibrotic kidneys from control littermates, whereas it was significantly reduced in S100A4-FGFR2-/-mice, indicating that interstitial cell proliferation was promoted and FGFR2 signaling may play a critical role for interstitial cell proliferation in the fibrotic kidneys after IRI. Our unpublished data demonstrated that FGFR2 signaling is protective against cisplatin-induced tubular cell death. In this study, the number of cells in kidney interstitium staining positive for TUNEL was decreased in S100A4-FGFR2-/-mice at 28 days after IRI compared to those in control littermates. The underlying mechanisms are not clear. We found that both interstitial cell proliferation and apoptosis were increased during the progression of kidney fibrosis, suggesting that both pro-proliferative and pro-apoptotic factors may exist in the fibrotic kidneys. In S100A4-FGFR2-/-mice, kidney fibrosis was less severe than in control littermates, so it is possible that the pro-apoptotic factors may also be less in the knockout kidneys.
MAPK/Erk1/2 has been reported to be widely involved in kidney fibrosis and chronic kidney injury. In cultured fibroblasts, MAPK/Erk1/2 may mediate transforming growth factor β1-induced fibroblast activation [42, 43] . In this study, we found that the phosphorylation of Erk1/2 was reduced in S100A4-FGFR2-/-mice compared to that in the control littermates at 14 and 28 days after IRI, which suggest that Erk1/2 signaling may be responsible for FGF/FGFR2-promoted fibroblast proliferation and activation.
In summary, we demonstrated in this study that FGF/ FGFR2 signaling in fibroblasts plays an important role in promoting fibroblast proliferation and activation, which aggravates renal interstitial fibrosis after IRI.
